












graphene	 with	 the	 optical	 mode,	 we	 investigate	 the	
polarization	 modulation	 properties	 of	 a	 hybrid	
waveguide	of	graphene‐integrated	excessively	tilted	fiber	
grating	 (Ex‐TFG).	 The	 theoretical	 analysis	 and	




Ex‐TFG,	 enabling	 stronger	 absorption	 in	 TE	 mode	 and	
more	 wavelength	 shift	 in	 TM	 mode.	 Furthermore,	 the	
surrounding	refractive	 index	can	modulate	 the	complex	
optical	 constant	 of	 graphene	 and	 then	 the	 polarization	
properties	 of	 the	 hybrid	 waveguide,	 such	 as	 resonant	
wavelength	 and	 peak	 intensity.	 Therefore,	 the	 unique	
polarization	 tuning	property	 induced	by	 the	 integration	










(2D)	material	 has	 attracted	 a	 great	 deal	 of	 attentions	 due	 to	 its	
remarkable	 intrinsic	 electronic	 transport	properties	 [2],	 and	has	
been	 widely	 used	 for	 numerous	 photonics	 and	 optoelectronic	
devices	[1,	3‐5].	Furthermore,	relying	on	its	high‐carrier	mobility,	
zero‐bandgap	 and	 complex	 refractive	 index	 characteristics,	
graphene	 exhibits	 broadband	 and	 tunable	 absorptions	 with	
wavelength‐independent,	 strong	 polarization‐dependent	 effects	
and	 other	 optical	 properties	 [3,	 4],	 and	 has	 been	 revealed	 in	
sandwiched	 dielectric	 structure	 [6],	 integrated	 silicon	 wire	
waveguide	[7]	and	pump‐probe	experiments	[8,	9].	However,	most	
applications	 in	 planar	 structure/waveguide‐coupled	 graphene	
optoelectronic	 devices	 require	 the	 enhanced	 light‐matter	
interaction	such	as	absorption,	and	optical	 fiber	with	evanescent	
field	 leaking	 out	 is	 a	 promising	 alternative	 approach,	 which	
provides	 sufficient	 interaction	 length,	 compared	 with	 the	
extremely	limited	length	(only	thickness	of	graphene)	for	normal	











More	 interestingly,	 the	 strong	 and	 broadband	 light‐matter	
interaction	in	Ex‐TFG‐to‐graphene	waveguide	can	be	remarkably	
modulated	by	the	surrounding	refractive	index	(SRI).	Thus,	with	
exploitation	 of	 the	 polarization	 sensitive	 leaky	 cladding	 modes	
enabled	 by	 the	 graphene,	 the	 polarization	 evolution	 of	 Ex‐TFG	
demonstrates	quite	different	features	in	peak	intensity	change	and	
resonant	wavelength	shift.	Therefore,	compared	to	microfiber	and	






into	 forward‐propagating	 cladding	 modes	 according	 to	 phase‐
match	 condition	 [14].	 Due	 to	 the	 largely	 tilted	 fringes	 (>80°)	





the	phase‐match	condition	and	can	be	expressed	as	follows	   cos/),(),,(-),( gSRIcladeff,,coreeff,clad, TΛTnnTn mimi  .	(1)	
Where,	i	represents	TE	or	TM,	 coreeff,n and	 min cladeff,, are	the	effective	
indices	of	the	core	mode	and	the	mth	cladding	mode,	respectively,	
g	is	the	nominal	grating	period,	is	the	tilt	angle,	and	T,	,	nSRI	are	
the	 temperature,	 strain,	 and	 refractive	 index	 of	 surrounding	
medium,	 respectively.	 The	 resonant	wavelengths	 of	 TE	 and	 TM	







optical	 microscopic	 images	 of	 (b)	 tilted	 fringes	 of	 Ex‐TFG	 and	 (c)	
graphene‐coated	Ex‐TFG,	(d)	SEM	image	of	the	Ex‐TFG	surface,	and	(f)	























display	 optical	 microscopic	 and	 scanning	 electron	 microscopy	
(SEM)	images	of	the	graphene‐coated	Ex‐TFG	surface,	showing	a	
clear	 edge	 of	 the	 uniform	 graphene	 layer	 around	 the	 fiber.	 The	
polarization	 dependence	 of	 Ex‐TFG	 was	 tested	 by	 using	 an	
experimental	system,	including	super‐broadband	light	source,	in‐
fiber	linear	polarizer,	polarization	controller,	and	optical	spectrum	
analyzer	 (OSA).	 Launched	 from	 the	 light	 source,	 the	 light	 is	
polarized	 and	 adjusted	 by	 the	 polarizer	 and	 the	 corresponding	
controller.	During	the	adjustment	of	the	polarization,	we	recorded	
the	 transmission	 spectra	 of	 Ex‐TFG	 at	 two	 orthogonal	
polarizations	before	and	after	graphene	integration,	as	depicted	in	
Fig.	1(e).	We	can	observe	a	set	of	comblike	resonances	with	two	




azimuth	 angle	 of	 polarization	 controller	 before	 and	 after	 graphene	
coating,	(b)	variations	of	the	coupling	intensities	of	the	resonant	peaks	
at	 shorter	 and	 longer	 wavelengths,	 and	 (c)	 dual‐peak	 separation	
between	two	orthogonal	polarizations	at	different	resonant	peaks.	
In	 the	detailed	examination,	we	selected	 two	cladding	modes,	
one	 at	 shorter	 wavelength	 (~1250nm)	 and	 another	 at	 longer	
wavelength	(~1500nm),	to	investigate	the	effect	of	graphene	layer	
on	 broadband	 polarization	 dependence.	 For	 the	 two	 cladding	





from	0	 to	90.	After	 the	graphene	 integration,	 the	 leaky	modes	
radiated	 from	 the	 cladding	 are	 key	 signatures	 of	 strong	
enhancement	of	evanescent	field	by	graphene	in	terms	of	coupling	
and	 absorption.	 The	 significant	 spectral	 attenuation	 of	 two	
polarization	peaks	resulted	from	the	interaction	of	the	evanescent	
field	and	graphene	can	be	clearly	observed	from	the	lower	part	of	
Fig.	 2	 (a),	 indicating	 effective	 coupling	 between	 the	 Ex‐TFG	 and	
graphene.	 By	 examining	 the	 spectral	 evolution	 under	 different	
polarizations,	 it	 was	 found	 that	 the	 TE	 light	 from	 the	 cladding	
modes	of	 all	 orders	 is	more	coupled	 into	graphene	 layer,	which	
attests	 to	 polarization‐sensitive	 absorption	 of	 graphene	 for	 all	
leaky	 modes	 [3,	 4].	 It	 is	 apparent	 that	 the	 change	 of	 coupling	
intensity	of	TE	polarization	is	always	larger	than	that	of	TM	for	all	
cladding	 modes	 [18],	 as	 shown	 in	 Fig.	 2(b).	 However,	 the	
variations	of	spectral	properties	are	mode‐order	independent,	i.e.	
both	 TM	 and	 TE	 peaks	 show	 similar	 manner	 at	 different	
wavelengths.	Also,	 after	 integrating	with	 graphene,	 the	 resonant	
wavelengths	 of	 TM	 modes	 showed	 more	 pronounced	 red‐shift	
(2.30/2.48nm	 at	 shorter/longer	wavelengths,	 respectively)	 than	





respectively,	 while,	 after	 graphene	 coating,	 the	 separations	













a	 series	 of	 refractive	 index	 liquids	 (from	 Cargille	 Labs)	 ranging	
from	 1.300	 to	 1.400	 with	 interval	 of	 0.01.	 With	 the	 graphene	
sandwiched	between	index	gel	and	fiber	cladding,	the	modal	field	
distribution	in	these	three	layers	is	different	for	TM	and	TE	modes,	
providing	 their	 different	 propagation	 behaviors.	 Meanwhile,	
different	intensity	components	are	also	dependent	on	the	change	
of	SRI,	since	it	can	modulate	the	effective	index	of	cladding	mode.	







show	 completely	 different	 evolutions,	 especially	 in	 the	 coupling	
intensity	 due	 to	 the	 polarization‐sensitive	 absorption	 caused	 by	
relatively	larger	imaginary	part	in	TE	mode,	as	shown	in	Figs.	3(a)	
and	3(b)	bottom	plots.	Although	the	peaks	at	shorter	and	longer	
wavelengths	 present	 a	 similar	 wavelength	 shift	 trend	 with	 the	
change	of	the	SRI,	the	peak	at	longer	wavelength	is	more	sensitive	
to	 SRI	 than	 that	 at	 the	 shorter	wavelength.	 For	 clarity,	we	 only	
plotted	the	peak	shift	at	longer	wavelength,	as	shown	in	Figs.	3(c)	
and	3(d).	From	the	peak	wavelength	shifts	of	TM	and	TE	modes,	
we	 can	 obtain	 that	 the	 SRI	 sensitivity	 of	 the	 former	 is	 slightly	
















grating.	 As	 a	 consequence,	 the	 coupling	 intensity	 change	 of	 TE	
mode	indicates	>13	times	larger	than	that	of	TM	mode.	










difference	 method	 [19].	 In	 the	 simulation	 model,	 a	 4nm	 thick	
graphene	layer	was	placed	around	the	standard	single‐mode	fiber	
(SMF)	Ex‐TFG,	and	the	graphene’s	refractive	index	was	calculated	
according	 to	 the	 intraband	 and	 interband	 conductivities	
()=intra()+inter()	 described	 in	Refs.	 [4,	12,	20].	 Figure	4(a)	
shows	radial	distributions	of	TM	and	TE	modal	fields	of	the	high‐
order	(28th‐order	as	an	example)	cladding	mode	at	wavelength	of	
1.5m	 in	 Ex‐TFG	 structure.	 From	 the	 insets	 of	 Fig.	 4(a),	 in	 the	
presence	 of	 graphene	 layer,	 we	 can	 clearly	 see	 that	 the	 modal	
intensity	of	TE	mode	decreases	more	than	that	of	TM	mode	in	the	
fiber	 core	 region.	 This	 means	 that	 the	 graphene	 reduces	 the	
coupling	between	 the	core	and	cladding	modes,	especially	 in	TE	
polarization,	leading	to	a	decrease	of	resonant	peak.	The	intensity	
difference	 Ig‐Ib	 of	 modal	 fields	 between	 graphene‐coated	 and	












(induces	 the	 resonant	 wavelength	 change)	 and	 imaginary	 part	



















In	 the	 meantime,	 from	 Fig.	 4(d),	 compared	 with	 the	 uncoated	




displayed	 in	 Fig.	 3(f).	 From	 our	 simulation	 results,	 we	 can	
therefore	reveal	that	the	resonant	wavelength	and	intensity	of	two	
polarizations	will	have	different	evolution	behaviors,	as	a	result	of	
the	 direct	 consequence	 of	 the	 different	 variations	 in	 real	 and	
imaginary	parts	of	complex	refractive	index	of	graphene.	
In	 conclusion,	 we	 have	 studied	 the	 interaction	 of	
electromagnetic	 field	 with	 Ex‐TFG	 structures	 and	 revealed	 the	
unique	polarization	 tuning	 properties	 in	 an	Ex‐TFG‐to‐graphene	
hybrid	 waveguide.	 The	 polarization‐dependent	 transmission	 of	
broad	 spectral	 range	 in	 the	 hybrid	 waveguide	 has	 been	









microfiber	 and	 side‐polished	 fiber	 structure.	 In	 addition,	 the	
polarizing	effect	can	be	further	modulated	by	adjusting	the	tilted	
angle,	 grating	 period,	 and	 core/cladding	 diameter	 of	 Ex‐TFG	 to	
satisfy	actual	wavelength	range	and	extinction	ratio	requirements.	
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